Renal cell carcinomas with MITF aberrations demonstrate a wide morphologic spectrum, highlighting the need to consider these entities within the differential diagnosis of renal tumors encountered in clinical practice. Herein, we describe our experience with application of clinical fluorescence in situ hybridization (FISH) assays for detection of TFE3 and TFEB gene aberrations from 85 consecutive renal cell carcinoma cases submitted to our genitourinary FISH service. Results from 170 FISH assays performed on these tumors were correlated with available clinicopathologic findings. Ninety-eight percent of renal tumors submitted for FISH evaluation were from adult patients. Thirty-one (37%) tumors were confirmed to demonstrate MITF aberrations (21 TFE3 translocation, 4 TFEB translocation, and 6 TFEB amplification cases). Overall, renal cell carcinomas with MITF aberrations demonstrated morphologic features overlapping with clear cell, papillary, or clear cell papillary renal cell carcinomas. Renal cell carcinomas with MITF aberrations were significantly more likely to demonstrate dual (eosinophilic and clear) cytoplasmic tones (P = 0.030), biphasic TFEB translocation renal cell carcinoma-like morphology (P = 0.002), psammomatous calcifications (P = 0.002), and nuclear pseudoinclusions (P = 0.001) than renal cell carcinomas without MITF aberrations. Notably, 7/9 (78%) renal cell carcinomas exhibiting subnuclear clearing and linear nuclear array (6 of which showed high World Health Organization/International Society of Urological Pathology nucleolar grade) demonstrated TFE3 translocation, an association that was statistically significant when compared with renal cell carcinomas without MITF aberrations (P = 0.009). In this cohort comprising consecutive cases, TFEB-amplified renal cell carcinomas were more commonly identified than renal cell carcinomas with TFEB translocations, and four (67%) of these previously unreported TFEB-amplified renal cell carcinomas demonstrated oncocytic and papillary features with a high World Health Organization/ International Society of Urological Pathology nucleolar grade. In summary, TFE3 and TFEB FISH evaluation aids in identification and accurate classification of renal cell carcinomas with MITF aberrations, including TFEB-amplified renal cell carcinoma, which may demonstrate aggressive behavior.
Renal cell carcinomas with MITF aberrations demonstrate a wide morphologic spectrum, highlighting the need to consider these entities within the differential diagnosis of renal tumors encountered in clinical practice. Herein, we describe our experience with application of clinical fluorescence in situ hybridization (FISH) assays for detection of TFE3 and TFEB gene aberrations from 85 consecutive renal cell carcinoma cases submitted to our genitourinary FISH service. Results from 170 FISH assays performed on these tumors were correlated with available clinicopathologic findings. Ninety-eight percent of renal tumors submitted for FISH evaluation were from adult patients. Thirty-one (37%) tumors were confirmed to demonstrate MITF aberrations (21 TFE3 translocation, 4 TFEB translocation, and 6 TFEB amplification cases). Overall, renal cell carcinomas with MITF aberrations demonstrated morphologic features overlapping with clear cell, papillary, or clear cell papillary renal cell carcinomas. Renal cell carcinomas with MITF aberrations were significantly more likely to demonstrate dual (eosinophilic and clear) cytoplasmic tones (P = 0.030), biphasic TFEB translocation renal cell carcinoma-like morphology (P = 0.002), psammomatous calcifications (P = 0.002), and nuclear pseudoinclusions (P = 0.001) than renal cell carcinomas without MITF aberrations. Notably, 7/9 (78%) renal cell carcinomas exhibiting subnuclear clearing and linear nuclear array (6 of which showed high World Health Organization/International Society of Urological Pathology nucleolar grade) demonstrated TFE3 translocation, an association that was statistically significant when compared with renal cell carcinomas without MITF aberrations (P = 0.009). In this cohort comprising consecutive cases, TFEB-amplified renal cell carcinomas were more commonly identified than renal cell carcinomas with TFEB translocations, and four (67%) of these previously unreported TFEB-amplified renal cell carcinomas demonstrated oncocytic and papillary features with a high World Health Organization/ International Society of Urological Pathology nucleolar grade. In summary, TFE3 and TFEB FISH evaluation aids in identification and accurate classification of renal cell carcinomas with MITF aberrations, including TFEB-amplified renal cell carcinoma, which may demonstrate aggressive behavior. The field of kidney cancer diagnostic pathology has undergone significant transformation, with several studies revealing key genomic events underlying different subtypes of renal cell carcinoma. [1] [2] [3] [4] [5] [6] [7] Indeed, what was initially considered to be a complete enumeration of tumors comprising only four diagnostic sub-entities has now evolved into a complex and clinically useful World Health Organization classification system of renal cell carcinoma, including several new and intriguing subtypes, such as MITF translocation renal cell carcinoma and tumors with recognized hereditary predispositions (eg, hereditary leiomyomatosis and renal cell carcinoma-associated renal cell carcinoma and succinate dehydrogenase-deficient renal cell carcinoma). 1, [8] [9] [10] TFE3 and TFEB are members of the melanogenesis-associated transcription factor (MITF) family of transcription factors. Gene fusions involving these transcription factors have been identified in renal cell carcinoma, with such tumors being currently classified as translocation renal cell carcinoma. 1, 7, 11 TFE3 translocation renal cell carcinomas have been recognized by the World Health Organization since 2004, and TFEB translocation renal cell carcinomas have been recognized by the International Society of Urological Pathology since 2013. 11 Although translocation renal cell carcinomas comprise approximately 40% of pediatric renal cell carcinomas, more cases of translocation renal cell carcinoma are seen in adults due to the higher overall incidence of renal cell carcinoma in this population. 7 The exact incidence of TFE3 translocation renal cell carcinoma among adults remains debatable but estimates range from 1 to 4% of all renal cell carcinoma, with approximately 2500 new cases diagnosed every year. 7, 12, 13 A subset of patients might also develop translocation renal cell carcinoma after chemotherapy and/or treatment for neuroblastoma. 14 In adults, TFE3 translocation renal cell carcinoma is an aggressive tumor with overall survival similar to that of clear cell renal cell carcinoma. 11, 12, 15 TFEB translocation renal cell carcinomas typically occur at a relatively young age (median = 31 years) 7, 15 and, based on the cases reported in the literature, may have a better overall prognosis than TFE3 translocation renal cell carcinoma. More recently, renal cell carcinomas with TFEB amplification have been identified and appear to be associated with a more aggressive clinical course than TFEB translocation renal cell carcinoma. [16] [17] [18] Because of their relatively recent identification, such renal cell carcinomas with TFEB amplification have not been given a formal name or included in the World Health Organization classification of renal cell carcinoma; 1, 16, 17 however, their reported association with poor outcome suggests a clinical need for identifying these cases prospectively, with confirmation of TFEB amplification using FISH or next-generation sequencing assays. Indeed, description of associated clinicopathologic features of such TFEB-amplified renal cell carcinoma cases confirmed at the genotypic level will allow better recognition of such tumors in daily clinical practice.
Immunohistochemical evaluation for TFE3 and TFEB proteins, although relatively sensitive and specific, is currently considered less reliable than FISH for detection of MITF aberrations, predominantly because immunohistochemical results are vulnerable to fixation effects. [19] [20] [21] [22] Dual-color breakapart FISH has been effectively used to facilitate an accurate diagnosis of translocation renal cell carcinoma and demonstrates a high degree of specificity and sensitivity (except in cases with subtle intrachromosomal translocations, as may be seen with TFE3 fusion partners such as NONO and RBM10). 23, 24 Importantly, TFEB amplification events can be detected by FISH but likely cannot be differentiated from TFEB translocation renal cell carcinoma based on IHC, as TFEB overexpression by IHC has been demonstrated in a large subset of reported cases. 16, 17 Herein, we share our experience with application of clinical FISH assays for detection of TFE3 and TFEB aberrations in a large consecutive cohort of cases clinically, morphologically, and/or immunophenotypically suspicious for translocation renal cell carcinoma. We describe six new genotypically proven TFEB-amplified renal cell carcinoma cases and report morphologic features that may aid in the identification of renal cell carcinomas with MITF aberrations, including the presence of nuclear pseudoinclusions.
Materials and methods

Case Selection
The genitourinary service line laboratory currently in operation at Michigan Medicine was developed in order to provide definitive diagnostic services for inhouse and consultation cases, as well as outside cases requiring only molecular analysis. 19 After approval from the Institutional Review Board, 85 consecutive, unselected consultation and in-house renal tumors suspicious for translocation renal cell carcinoma (on clinical and/or morphologic and immunophenotypic grounds) and submitted for TFE3 and TFEB FISH service for investigation of MITF gene aberrations were collected. For each tumor, numerous morphologic features were assessed, including predominant architectural pattern, entrapped benign renal tubules, dual (eosinophilic and clear) cytoplasmic tones, biphasic morphology with smaller cells surrounding basement membrane material (TFEB translocation renal cell carcinoma-like), presence of subnuclear clearing and linear nuclear array, oncocytic features, voluminous clear and/or eosinophilic cytoplasm, psammomatous calcifications, foamy histiocytes, necrosis, sarcomatoid differentiation, nuclear pseudoinclusions,
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and cytoplasmic vacuolization. The diagnosis felt to be most representative of the morphology of each tumor was recorded as the top differential diagnosis. Multiple slides of tumor were evaluated for in-house cases and cases sent for morphologic consultation; however, only one H&E slide was typically available for review from those cases that were sent from referring institutions for FISH analysis only. Similarly, while the entire case was available for review for in-house cases, limited immunohistochemical stains and clinical information were available for some of the outside cases. Regardless, immunophenotypic details related to carbonic anhydrase IX, Melan-A, HMB-45, and pancytokeratin were available for the majority of patients. All available immunohistochemical and clinical information was recorded and correlated with TFE3 and TFEB status as determined by FISH analysis.
FISH Probe Design and Development
Interphase FISH was performed using commercial dual-color break-apart probes from Empire Genomics (Buffalo, NY, USA) specific to the TFE3 gene locus at Xp11.2 (TFE3 assay) and to the TFEB locus at 6p21 (TFEB assay) employing previously established methodologies. 19, [25] [26] [27] [28] The probe mixture in each assay includes one probe located centromeric (5 prime) and one probe located telomeric (3 prime) to the breakpoint region of interest. Splitting of the probes is observed when a translocation/rearrangement is present.
FISH Hybridization and Detection
Four-micron-thick formalin-fixed, paraffinembedded sections were processed for these assays. The slides were baked overnight at 56-60°C. On day 2, 10 mM sodium citrate/2 mM EDTA was heated to 80°C with a water bath and 0.01 N HCl was heated to 37°C. Slides were immersed in fresh xylene for 10 min, three times. The slides were then air dried for 2-5 min before being dehydrated in 100% EtOH for 5 min, twice, and air dried again. The slides were then incubated in 0.2 N HCl at room temperature for 30 min, then 10 mM sodium citrate (pH 6.4)/2 mM EDTA (pH 8.0) at 80°C for 45 min. After this, slides were immersed in 2 × SSC at room temperature for 2 min, and then rinsed in distilled H2O for 10 min. The slides were then incubated in 0.2 N HCl at room temperature for 2 min followed by protease pretreatment. About 0.5 ml 75000 U/ml pepsin solution was added to 49.5 ml 0.01 N HCl solution, and slides were incubated at 37°C for 15-20 min. After this step, the slides were immediately immersed in distilled H 2 O at room temperature for 10 min. Next, the slides were dehydrated in ascending EtOH solution (70, 85, and 100% EtOH solutions for 2 min each at room temperature). The slides were then air dried, and tissue morphology was assessed.
The probe mixes were prepared as instructed, and 10-15 μl of probe mix were applied to slides. The slides were coverslipped and sealed with rubber cement. The slides and probes were then codenatured for 10 min at 75°C and hybridized for 16 h at 37°C. The next day, the rubber cement was removed and slides were rinsed in 0.4 × SSC at 73°C for 2 min, followed by 2 × SSC/0.1% NP40 at room temperature for 2 min. The slides were then air dried in the dark, and 25 μl of DAPI counterstain was added to the target area before a coverslip was applied.
FISH Evaluation
In our clinical practice, two known negative controls, two known positive controls, and two samples (in duplicate) from the tumor under investigation are hybridized for TFE3 and/or TFEB FISH and analyzed at the same time. Two technologists score probe signals in 200 total interphase nuclei and the number of target and control signals as well as their localization in each cell is recorded on the FISH analysis sheet. Cases are interpreted according to normal cutoff values determined by the laboratory using the beta inverse function calculation based on the normal control case with the highest number of observed abnormal cells. All cases are provided a final interpretation, confirmation and sign-out by genitourinary pathologists with extensive experience with FISH methodology and analysis (SAT and RM). The expected positive signal pattern for the TFE3 assay differs between male and female patients due to involvement of the X chromosome; females with a TFE3 translocation should show one red, one green, and one fusion (yellow) signal, whereas males show one red and one green signal. The expected negative signal pattern is two fusion (yellow) signals for a female or one fusion (yellow) signal for a male. The expected positive signal pattern for the TFEB assay is one red, one green, and one fusion (yellow) signal, whereas the expected negative signal is two fusion (yellow) signals. An amplified TFEB signal was defined as 410 TFEB signals, as previously described by Argani et al. 16 
Statistics
Associations between TFE3 and TFEB FISH data and specific morphologic features were examined using the χ 2 test or Fisher's exact test, as indicated; a P-value o0.05 was considered statistically significant.
Results
For the overall cohort, the mean age at renal cell carcinoma diagnosis was 52 years (range 12-85 years), with only two patients less than 18-yearsold. Thirty-one of 85 (37%) tumors showed MITF aberrations, including TFE3 translocation (n = 21), TFEB translocation (n = 4), and TFEB amplification (n = 6). Renal cell carcinomas with MITF aberrations demonstrated a spectrum of morphologic features overlapping with clear cell, papillary, and clear cell papillary renal cell carcinomas (Table 1) .
TFEB-Amplified Renal Cell Carcinoma
FISH analyses demonstrated TFEB amplification in tumors from six patients (7%) in this cohort; a majority of the tumor cells (more than 50%) showed TFEB amplification, and there was no evidence of TFEB translocation in these cases. The mean age at diagnosis for these six patients was 65 years (range 48-72 years), with a 2:1 male-to-female ratio. The mean tumor size was 7.9 cm (range = 5.5-12.2 cm). One tumor was stage pT2b, four tumors were stage pT3a, and one tumor was clinical stage T4 with radiographic evidence of regional nodal and distant visceral metastases. TFEB-amplified renal cell carcinoma showed variable morphology with high World Health Organization/International Society of Urological Pathology nucleolar grade (four grade 3 and two grade 4). The predominant tumor architecture was papillary in four cases and nested in two cases. The top differential diagnosis based upon morphologic evaluation was papillary renal cell carcinoma in four cases and clear cell renal cell carcinoma in two cases. Detailed clinical information, morphologic features, and immunohistochemical results of these six newly reported TFEB-amplified renal cell carcinoma cases are described below and presented in Supplementary Table S1 ; morphologic features are summarized in Table 1 Figure 2c . Immunohistochemical work-up demonstrated positive PAX8, patchy Melan-A, and absent carbonic anhydrase IX, epithelial membrane antigen, CD117, and CK7 expression. 
TFEB Translocation Renal Cell Carcinoma
FISH analyses demonstrated TFEB translocation in tumors from four patients (5%) in this cohort; the mean percentage of tumor cells showing TFEB translocation was 80% (range = 59-92%), and no TFEB amplifications were identified in these cases. The mean age at diagnosis for these four patients was 41 years (range 34-51 years), with a 1:1 male-tofemale ratio. All FISH diagnoses were rendered on resections (1 partial nephrectomy and 3 radical nephrectomies). The mean tumor size was 4.5 cm (range = 1.2-8.5 cm). One tumor was locally advanced (pT3a), whereas the other three were confined to the kidney (pT2 or below). All four tumors were World Health Organization/International Society of Urological Pathology nucleolar grade 3. Detailed clinical information is presented in Supplementary Table S1 ; morphologic features are summarized in Table 1 . Morphologically, the predominant architecture was papillary in two cases and nested in two cases. The top morphologic differential diagnoses were: TFEB translocation renal cell carcinoma (3) and papillary renal cell carcinoma (1). All cases showed entrapped benign renal tubules, dual (eosinophilic and clear) cytoplasmic tones, psammomatous calcifications, and cytoplasmic vacuolization. Three cases showed voluminous cytoplasm. Two cases showed the biphasic TFEB translocation renal cell carcinoma-like morphology with smaller cells surrounding basement membrane material. One case showed microscopic necrosis. One case showed focal nuclear pseudoinclusions. No cases showed subnuclear clearing and linear nuclear array, oncocytic features, collections of foamy histiocytes, or sarcomatoid differentiation. Representative photomicrographs are presented in Figure 3 .
Ancillary immunohistochemical work-up demonstrated pancytokeratin expression in two of the three evaluated cases; the fourth case was negative for epithelial membrane antigen expression. Melan-A was positive in three of the four cases that were stained, and one of those three cases was also positive for HMB-45. Carbonic anhydrase IX expression was negative in all four cases.
TFE3 Translocation Renal Cell Carcinoma
FISH analyses demonstrated TFE3 translocation in tumors from 21 patients (26%) in this cohort; the mean percentage of tumor cells showing TFE3 translocation was 82% (range = 40-97%), and no TFE3 amplifications were identified. The mean age at diagnosis for these 21 patients was 49 years (range 17-70 years), with a 1:2 male-to-female ratio. FISH diagnoses were rendered on variable specimen types, including three needle biopsies (two from the primary renal mass and one from a liver metastasis); the remainder of specimens were resections (partial or radical nephrectomies) of the primary tumor. The mean tumor size was 5.8 cm (range = 1.7-16.8 cm). The majority of tumors were of high World Health Organization/International Society of Urological Pathology nucleolar grade (2 grade 2, 16 grade 3, and 3 grade 4). Nine patients had locally advanced primary tumors (pT3 or above, n = 7) and/or evidence of metastatic disease (n = 4), whereas 11 patients had tumors that were confined to the kidney (pT2 or below) without evidence of metastasis. Of the seven cases with available clinical follow-up, only one patient (Case 9: 20-year-old female with pT3aNXM1 TFE3 translocation renal cell carcinoma at presentation) died of disease. Detailed clinical information is Supplementary Table S1 ; morphologic features are summarized in Table 1 .
Morphologically, the predominant architecture was papillary in eight cases, nested in seven cases, pseudopapillary in four cases, cystic in one case, and tubular in one case. The top morphologic differential diagnoses considered were TFE3 translocation renal cell carcinoma (6) Figure 5 ). Entrapped benign renal tubules were present in four cases. One TFE3 translocation renal cell carcinoma with unique morphology was seen in a patient with a horseshoe kidney ( Figure 6 ); this tumor was nested and solid with clear cells, large vacuoles, eccentric nuclei, and eosinophilic to clear cytoplasm, and there were focal pockets of cells with a high nucleus-to-cytoplasm ratio and eosinophilic cytoplasm. Another tumor demonstrated large nests with an unusual biphasic appearance including central streaming spindled cells on biopsy of a liver metastasis (Figure 4 ). Voluminous cytoplasm was common (diffuse in 16 cases and focal in 2 cases). Sixteen cases showed at least focal dual (eosinophilic and clear) cytoplasmic tones, and five cases had oncocytic features. Twelve cases demonstrated nuclear pseudoinclusions (focal in 11 and extensive in 1). Nineteen cases showed cytoplasmic vacuolization. Psammomatous calcifications were present in 14 cases. Four cases showed focal collections of foamy histiocytes, and microscopic necrosis was present in nine cases. Two cases showed focal sarcomatoid differentiation. Representative photomicrographs are presented in Figures 4-6 .
Ancillary immunohistochemical work-up demonstrated that many cases in our cohort lack pancytokeratin expression; however, 44% show some degree of pancytokeratin expression (2 diffuse and 5 patchy; n = 16). Melan-A was focally positive in 2 of the 17 evaluated cases, and similarly, HMB-45 was focally positive in 3 of the 13 evaluated cases. Carbonic anhydrase IX was not diffusely positive in any of the 12 tumors that were interrogated, but patchy/focal expression was present in 3 tumors, where it was localized to areas of microscopic necrosis.
Renal Cell Carcinomas without MITF Aberrations
FISH analyses did not detect a TFE3 or TFEB aberration in 54 patients (64%) in this cohort. The mean age at diagnosis for these 54 patients was 52 years (range 12-85 years), with a 1.7:1 male-to-female ratio. FISH diagnoses were rendered on variable specimen types including one liver metastasis biopsy and one left supraclavicular lymph node metastasis excision; the remainder of specimens were resections (partial or radical nephrectomies) of the primary tumor. The mean tumor size was 6.4 cm (range = 1.4-30 cm; n = 48). The vast majority of tumors were high World Health Organization/International Society of Urological Pathology nucleolar grade (3 grade 2, 41 grade 3, 10 grade 4, and 1 for which grade was not applicable). Twenty tumors were locally advanced (pT3a or above), 30 were confined to the kidney (pT2 or below), and 4 lacked information about stage. Detailed clinical information is presented in Supplementary Table S1 ; morphologic features are summarized in Table 1 .
Microscopically, the predominant architecture was papillary (n = 21), pseudopapillary (n = 17), nested (n = 13), solid (n = 2), or trabecular (n = 1). The top morphologic differential diagnoses considered were: papillary renal cell carcinoma (17, including 3 with oncocytic features), clear cell renal cell carcinoma (12) , oncocytic renal cell carcinoma (12), unclassified renal cell carcinoma (6), TFE3 translocation renal cell carcinoma (3), clear cell papillary renal cell carcinoma (1), chromophobe renal cell carcinoma (1), hereditary leiomyomatosis and renal cell carcinoma-associated renal cell carcinoma (1), and eosinophilic, solid, and cystic renal cell carcinoma (1). Sixteen of 52 kidney resections showed entrapped benign renal tubules. Thirty-one cases showed dual (eosinophilic and clear) cytoplasmic tones. Four cases had subnuclear clearing and linear nuclear array (diffuse in 1 case and focal in 3 cases). Twenty-two cases had oncocytic features. Thirty-seven cases had at least focally voluminous cytoplasm. Fourteen cases had psammomatous calcifications. Twenty-two cases had collections of foamy histiocytes. Twenty-six cases had microscopic necrosis. Five cases showed focal sarcomatoid differentiation. Nine cases showed nuclear pseudoinclusions (8 focal, 1 extensive). Forty-seven cases showed cytoplasmic vacuolization. No cases showed the biphasic TFEB translocation renal cell carcinoma-like morphology. Representative photomicrographs are presented in Figure 7 .
Ancillary immunohistochemical work-up demonstrated lack of pancytokeratin expression in 5 of the 30 evaluated cases. Six of 36 stained cases showed focal Melan-A expression, and HMB-45 was positive in 2 of 27 cases. 
Comparison of Renal Cell Carcinomas with and without MITF Aberrations
To identify morphologic clues to the diagnosis of translocation renal cell carcinoma and/or TFEBamplified renal cell carcinoma, we compared the frequency of specific morphologic features across cases in our cohort, stratified by TFE3 and/or TFEB FISH status. Four morphologic features were significantly associated with the presence of an MITF aberration, compared with renal cell carcinoma associated with TFE3 translocations and TFEB translocations (P = 0.002 and P = 0.007, respectively); interestingly, while clearly significantly associated with TFEB translocation (50% of tumors), the biphasic TFEB translocation renal cell carcinomalike morphology was not specific for TFEB translocation, as it was also significantly associated with TFE3 translocation (P = 0.005). In addition, nuclear pseudoinclusions and subnuclear clearing with linear nuclear array were significantly associated with TFE3 translocation, compared with renal cell carcinoma without MITF aberrations (P = 0.0009 and P = 0.0009, respectively). The remaining morphologic features listed in Table 1 did not show statistically significant differences between tumor subgroups.
Discussion
Renal cell carcinomas with MITF aberrations, including TFE3 translocation renal cell carcinoma, TFEB translocation renal cell carcinoma, and TFEBamplified renal cell carcinoma, represent a morphologically heterogeneous group of primary renal tumors that nonetheless share molecular aberrations of the MITF family of transcription factors. Recognition of these uncommon tumors in routine clinical practice is increasingly important in the era of personalized medicine and targeted therapeutics, as they are molecularly distinct from other more common renal cell carcinoma subtypes, such as clear cell renal cell carcinoma and papillary renal cell carcinoma. Indeed, medicine is currently witnessing a significant expansion of molecular advancements leading to new diagnostic, prognostic, and therapeutic possibilities in the field of oncology. Even a correct subclassification into the 'unclassified' category might carry significant theranostic associations. 29 Since the initial description of TFE3 and TFEB translocation renal cell carcinoma, multiple studies have reported novel morphologic features in these tumors, 7, 13, 21, 23, 24, [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] which overlap with each other, as well as other more common renal cell carcinoma subtypes. In addition, although only a relatively small number of cases have been described, the recently reported TFEB-amplified renal cell carcinomas also show variable morphologic patterns, [16] [17] [18] 48, 49 which may overlap with other more common renal cell carcinoma subtypes. Although immunohistochemical staining can be helpful in the clinical work-up of possible cases of renal cell carcinoma with MITF aberrations, even the most sensitive and specific immunohistochemical markers (TFE3, TFEB, and cathepsin K) are less reliable than FISH for TFE3 and TFEB aberrations in most instances, and in some cases (ie, clinical trial enrollment), evidence of MITF aberration by FISH or next-generation sequencing may be required. Thus, at our institution, we have established a genitourinary service line laboratory that provides clinicalgrade diagnostic TFE3 and TFEB FISH assays in a Clinical Laboratory Improvement Amendments (CLIA)-certified laboratory. In this manuscript, we described our experience with 85 consecutive renal cell carcinoma cases evaluated for MITF aberrations and reported 31 novel FISH-confirmed cases, including 6 TFEB-amplified renal cell carcinoma, 4 TFEB translocation renal cell carcinoma, and 21 TFE3 translocation renal cell carcinoma. This cohort is unique in that all tumors submitted for FISH analysis were considered to be suspicious for the presence of a MITF aberration on clinical, morphologic, and/or immunophenotypic grounds; even in this highly enriched cohort, however, only a subset of tumors (37%) were subsequently shown to harbor MITF aberrations at the genomic level, indicating the potential need for the elaboration of additional morphologic clues to assist in the diagnosis of renal cell carcinoma with MITF aberrations. Indeed, our systematic morphologic assessment of tumors in this cohort revealed a subset of features which might aid in the distinction of renal cell carcinoma with MITF aberrations from other renal cell carcinoma subtypes (including unclassified tumors); these include dual (eosinophilic and clear) cytoplasmic tones, biphasic TFEB translocation renal cell carcinoma-like morphology, psammomatous calcifications, and nuclear pseudoinclusions. While the first three features have been consistently previously reported in renal cell carcinomas with MITF aberrations, this is to our knowledge the first report of an association between the presence of nuclear pseudoinclusions and MITF aberrations (in particular, TFE3 translocation).
Although TFEB-amplified renal cell carcinoma represented o 10% of renal cell carcinoma associated with TFEB alterations in Dr Pedram Argani's files 16 and only 1% of cases in the TCGA papillary renal cell carcinoma study, 2 TFEB-amplified renal cell carcinomas are more common than TFEB translocation renal cell carcinomas in our cohort. Based on the largest series (n = 8 and n = 25) reported so far, 16, 17 the median age at diagnosis of TFEBamplified renal cell carcinoma is in the mid-to-late seventh decade of life, and there is a slight male predominance; our data conform to both these prior findings. In addition, all TFEB-amplified renal cell carcinomas in our cohort were of high World Health Organization/International Society of Urological Pathology nucleolar grade (four grade 3, two grade 4), consistent with what Argani et al (six grade 3, two grade 4) previously reported. Similarly, Gupta et al reported cases with any degree of TFEB amplification (at least five or more copies of the probe per tumor nucleus), and found that 91% (20/22) were of high World Health Organization/International Society of Urological Pathology nuclear grade (3 or above). 16, 17 The vast majority (83%) of TFEB-amplified renal cell carcinomas in our cohort presented with locally advanced disease (pT3 or above). Similarly, in the large cohort reported by Gupta et al, 17 76% of patients presented with pT2 disease or higher, and 52% presented with pT3 disease or higher. Nearly half of the patients in their cohort developed documented regional or distant metastasis over a mean follow-up duration of 101 months.
The initial reported morphologic patterns for TFEB-amplified renal cell carcinomas include tumors with focal papillary areas with clustering of small cells in acinar formations lacking basement membrane material, 16 prominent macronucleoli with perinucleolar halos (in the presence of diffuse Melan-A expression), 16 biphasic with smaller pale epithelioid cells associated with large clusters of polygonal eosinophilic cells (often present within the lumen of acini), 16 low-grade nuclei in a background of oncocytic and papillary features, 48 and eosinophilic tubulopapillary morphology with features resembling either hereditary leiomyomatosis and renal cell carcinoma-associated renal cell carcinoma or eosinophilic variant of chromophobe renal cell carcinoma. 18 Additionally, one of the cases reported by Peckova et al 49 to have both TFEB amplification and rearrangement had foci with highgrade oncocytic and papillary morphology.
In our cohort, TFEB-amplified renal cell carcinomas showed morphologic overlap with papillary renal cell carcinoma and clear cell renal cell carcinoma. Notably, four of six cases (67%) in our cohort were high-grade oncocytic tumors with papillary architecture and foci with orderly polarization of nuclei in the mid to apical aspect of large oncocytic cells. The two cases resembling high-grade clear cell renal cell carcinoma had nested architecture and diffuse dual cytoplasmic tones. The recent study published by Gupta et al 17 similarly demonstrated that TFEB amplification was most prevalent in renal cell carcinomas initially diagnosed as either papillary renal cell carcinoma or unclassified renal cell carcinoma. In their cohort, 76% (19/25) of TFEBamplified renal cell carcinomas showed prominent tubulopapillary architecture, oncocytic cytoplasm, and high World Health Organization/International Society of Urological Pathology nucleolar grade. Although Gupta et al reported focal areas with biphasic TFEB translocation renal cell carcinomalike morphology in 3 of 25 TFEB amplified renal cell carcinomas, none of the cases in our cohort exhibited the classic biphasic morphology of TFEB translocation renal cell carcinoma. One of our TFEB-amplified renal cell carcinomas had foci of smaller cells forming acinar structures without basement membrane material, and another (with clear cell renal cell carcinoma-like morphology) demonstrated entrapped benign renal tubules as are commonly seen in TFEB translocation renal cell carcinoma. To our knowledge, well-developed biphasic TFEB translocation renal cell carcinoma-like morphology has never been reported in TFEB-amplified renal cell carcinoma.
Importantly, although the number of TFEB-amplified renal cell carcinoma cases in our cohort was small, there were no significant morphologic differences between TFEB-amplified renal cell carcinoma and renal cell carcinoma without MITF aberrations, indicating the need for a high level of clinical suspicion to identify these cases. In particular, locally advanced tumors with papillary features, oncocytic cytoplasm, and orderly polarization of nuclei within the mid to apical aspects of voluminous oncocytic cells occurring in older patients might be one trigger to evaluate for the possibility of TFEB-amplified renal cell carcinoma. Fifty percent of TFEB-amplified renal cell carcinomas showed nuclear pseudoinclusions; given the detected novel association between this morphologic feature and MITF aberrations in our study, future morphologic studies on TFEB-amplified renal cell carcinoma should document the frequency of this finding and analyze its potential diagnostic utility. Psammomatous calcifications were identified in only 16.7% of TFEB-amplified RCCs; thus, this morphologic feature may be less common in TFEBamplified RCCs than RCCs with other MiT family aberrations (specifically TFE3 t-RCC).
Similar to TFEB translocation renal cell carcinomas, TFEB-amplified renal cell carcinomas show aberrant melanocytic marker expression; however, TFEB-amplified renal cell carcinomas often show more variable melanocytic marker expression by IHC as compared with TFEB translocation renal cell carcinomas. 16 The five TFEB-amplified renal cell carcinomas in our cohort that were interrogated for Melan-A expression showed either patchy or diffuse expression. One of the two cases evaluated for HMB-45 showed very focal expression, whereas the other was negative. Similarly, Argani et al 16 and Gupta et al 17 have reported Melan-A expression in a larger subset of TFEB-amplified renal cell carcinomas than HMB-45 expression in 3/8 cases; expression of melanocytic markers was more common in cases with high-level amplification.
All four of the TFEB-amplified renal cell carcinomas that were immunohistochemically evaluated for pancytokeratin in our cohort showed patchy or positive expression, indicating that absence of pancytokeratin expression might not be particularly useful for detection of TFEB-amplified renal cell carcinomas.
TFE3 translocation renal cell carcinomas were initially described to have clear cells with papillary architecture and numerous psammoma bodies. In particular, ASPL-TFE3 renal cell carcinomas have been reported to have large tumor cells with voluminous cytoplasm, discrete cell borders, vesicular chromatin, and prominent nucleoli, displaying alveolar or pseudopapillary architecture and numerous psammoma bodies. 30 PRCC-TFE3 renal cell carcinomas have been reported to have less abundant cytoplasm, a more compact nested growth pattern, and fewer psammoma bodies. 31 Other reported morphologies include clear cell renal cell carcinoma-like with a delicate vascular network, 32, 33 multilocular cystic renal cell carcinoma-like, 21, 32 sarcomatoid, 21 oncocytoma-like, 21 carcinoid-like, 21 urothelial carcinoma in situ-like growth pattern, 21 infiltrating high-grade urothelial carcinoma-like, 32 signet ring-like with microcystic growth pattern, 13 Fuhrman nuclear grade 4 with solid/syncytial growth pattern, 13 TFEB translocation renal cell carcinoma-like, 24, 34, 35 mucinous tubular and spindle cell carcinoma-like, 34 and collecting duct carcinomalike. 34 In 2013, Rao et al 32 published a morphologic comparison between 17 TFE3 translocation renal cell carcinomas and 7 cases that were considered unclassified renal cell carcinomas due to negative TFE3 dual-color break-apart FISH. 32 This group found that psammoma bodies, hyaline stroma, and pigment were more likely to be seen in TFE3 translocation renal cell carcinomas, whereas cholesterol clefts were more likely to be seen in unclassified renal cell carcinoma mimicking translocation renal cell carcinoma. To our knowledge, this is the only previous study that has reported data from a systematic assessment of both positive and negative cases. In our cohort, the most common architectural patterns for TFE3 translocation renal cell carcinoma were papillary and nested, and our data confirm previous findings that dual (eosinophilic and clear) cytoplasmic tones and psammomatous calcifications are more commonly seen in TFE3 translocation renal cell carcinoma. In addition, our cohort of TFE3 translocation renal cell carcinomas included two cases with striking morphologic resemblance to classic TFEB translocation renal cell carcinomas, as has been described previously by other groups. 24, 34, 35 This highlights the importance of ancillary testing in correctly classifying these renal cell carcinomas.
We found that tumors demonstrating subnuclear clearing with linear nuclear array are significantly associated with TFE3 translocation. Although reverse polarity (location of nuclei towards the middle or upper pole of cells) is most commonly seen in clear cell papillary renal cell carcinoma, the distinction between clear cell papillary renal cell carcinoma and renal cell carcinomas with MITF aberrations is not always clear-cut and the considerably worse prognosis associated with translocation renal cell carcinoma makes this distinction critical. In contrast to the high-grade renal cell carcinomas we describe with focal or diffuse subnuclear clearing and linear array of mid-to-apical nuclei, clear cell papillary renal cell carcinomas are almost always low grade (most commonly Fuhrman nuclear grade 2) and confined to the kidney. 36 Two different groups recently reported similar morphology in NONO-TFE3 renal cell carcinomas. 23, 33 The published cases of NONO-TFE3 renal cell carcinoma demonstrate nested to papillary architecture, psammoma bodies, and subnuclear clearing resulting in suprabasal nuclear palisading similar to what is seen in clear cell papillary renal cell carcinoma. Xia et al 23 reported their cases to be nucleolar grade 2, and often accompanied by sheets of epithelial cells. Similarly, one morphologically similar TFE3 translocation renal cell carcinoma in our cohort and another in the literature 37 have been of low nucleolar grade. The related SFPQ/PSF-TFE3 renal cell carcinomas also frequently show subnuclear clearing. 33 Supporting evidence for the diagnosis of MITF aberration renal cell carcinoma in tumors with subnuclear clearing includes young age at presentation, metastasis, admixed papillary and alveolar architecture, high columnar cells with indistinct cell borders, flocculent eosinophilic cytoplasm, nuclear pseudoinclusions, occasional mitotic figures, frequent psammoma bodies, hyaline degeneration of stroma, and little to no immunoreactivity for CK7. 23, 33, 37 Interestingly, more than half of the TFE3 translocation renal cell carcinomas in our cohort showed at least focal nuclear pseudoinclusions. In one case, nuclear pseudoinclusions were seen focally throughout the majority of the tumor, with one nodule demonstrating pseudoinclusions in the majority of nuclei. The presence of nuclear pseudoinclusions was significantly associated with detection of TFE3 translocation in comparison with no MITF aberration (P = 0.001); to our knowledge, this association has not previously been reported in the literature.
TFEB translocation renal cell carcinomas tend to have a biphasic appearance with large epithelioid cells and small cells clustered around nodules of basement membrane material. 7 The frequency and quality of 'pseudorosettes' or small cells surrounding hyaline basement membrane material is variable, and this component is not always seen on initial sections. 39 These 'pseudorosettes' are sometimes found at the end of elongated branching tubules lined by larger neoplastic cells. 39 It is common to see entrapped benign renal tubules in the periphery of TFEB translocation renal cell carcinomas. 39, 40 Reported variant morphologies of TFEB translocation renal cell carcinomas include oncocytomalike, 40 oncocytic and papillary, 40 clear cell renal cell carcinoma-like, 38,40-43 multilocular cystic renal cell carcinoma-like, 38 TFE3 translocation renal cell carcinoma-like, 41, 49 classic chromophobe renal cell carcinoma-like with a biphasic population, 43 epithelioid angiomyolipoma-like, 43 tubulocystic renal cell carcinoma-like, 44 solid sheets of medium polygonal cells with small round nuclei with foci of papillary and tubular architecture, 13 cystic spaces lined by epithelioid cells and containing small nodules of hyaline material surrounded by small cells with pyknotic nuclei and clear cytoplasm in a background of more classic features, 45 and extensive sclerosis and metaplastic bone formation. 46 In our cohort, the classic biphasic appearance with smaller cells surrounding basement membrane material and psammomatous calcifications were both associated with TFEB translocation, as previously reported. These features, in combination with Melan-A expression, are suggestive of the diagnosis of TFEB translocation renal cell carcinoma. In contrast to the three cases for which TFEB translocation renal cell carcinoma was the top morphologic differential diagnosis based on the above features, one of the TFEB translocation renal cell carcinomas in our cohort demonstrated predominantly papillary architecture with a prominent lymphocytic infiltrate. To our knowledge, this morphology has not previously been reported in a TFEB translocation renal cell carcinoma; however, case 3 from a 2007 series by Meyer et al 47 was a stage T1b TFE3 translocation renal cell carcinoma with clear cells with voluminous cytoplasm and distinct cell borders forming papillary structures with admixed lymphocytes. An additional case with TFEB translocation and amplification reported by Peckova et al 49 showed occasional lymphocytes in the interstitium. This further demonstrates the potential for morphologic overlap between subtypes of renal cell carcinoma with MITF aberrations.
Strengths of this study include the relatively large consecutive cohort of renal tumors clinically, morphologically, and/or immunophenotypically suspicious for translocation renal cell carcinoma processed with TFE3 and TFEB FISH assays at a single large academic institution (170 assays performed on 85 tumors), yielding identification of MITF aberrations in greater than one-third of cases. These FISH assays were performed in a CLIAcertified laboratory on whole formalin-fixed, paraffin-embedded specimens of various sizes, from needle biopsies to resections, with demonstration of positive FISH results in some needle biopsy specimens. Availability of confirmatory FISH results allowed us to specifically delineate morphologic and immunophenotypic features associated with MITF aberrations, in a cohort overall selected based on clinical and/or immunomorphologic suspicion of translocation renal cell carcinoma. Additionally, we report clinical, morphologic, and immunophenotypic features of six new TFEB-amplified renal cell carcinomas confirmed by FISH. We provide a systematic morphologic assessment of this cohort, including comparison between cases that are negative and positive by FISH analyses.
Weaknesses of this study include the limited clinical and immunohistochemical information available for some of the consultation cases, lack of utilization of TFE3 or TFEB immunohistochemistry in most cases, and the inherent bias in what general surgical pathologists versus genitourinary pathologists may consider to be suspicious morphology for translocation renal cell carcinoma. Our morphologic assessment of consultation cases was limited by the number of slides available to us; this is a limitation given the known heterogeneity of morphology in renal cell carcinomas with MITF aberrations. We did not aim to evaluate the relative merits of IHC and FISH for diagnosis of MITF aberration renal cell carcinomas. The small number of cases with TFEB aberrations limited our ability to demonstrate statistically significant associations between morphologic features and the presence of TFEB aberrations.
Given the broad variation in morphology both within and between different MITF aberration renal cell carcinomas and overlap with a number of other subtypes of renal cell carcinoma, pathologists might need to keep a low threshold for evaluating renal cell carcinomas for MITF aberrations in the correct context. Although clinical TFE3 and TFEB FISH assays performed with dual-color break-apart probes cannot detect subtle chromosomal inversions, they are of great utility in correctly classifying certain high-grade renal cell carcinomas including those with TFEB amplification (which portends a poorer prognosis than TFEB translocation renal cell carcinoma despite similar overexpression of TFEB). Some groups have also developed fusion FISH assays to detect specific intrachromosomal translocations. 27 In suspicious cases that lack 'classic' morphology, the complementary methods of FISH and IHC may be helpful to establish the correct diagnosis and facilitate potential clinical trial enrollment. Based on our institutional experience, TFEB amplification may be at least as common as TFEB translocation as a genomic mechanism driving TFEB overexpression in adults; this needs to be validated by further studies. Our results support the notion that prominent papillary architecture, oncocytic cytoplasm, and high nucleolar grade are helpful features to identify cases that would benefit from FISH evaluation.
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